ABSTRACT: Identification of the catalytic active site is critical in the designing and developing 16 of advanced heterogeneous catalysts. Many high-precision experimental techniques, as well as 17 computational methods, have been developed to address this problem, but identifying the active 18 site for composite oxide catalysts still remains a challenging task due to their complexity and 19 indiscernible microstructures. Herein, we provide a key new insight into the active site within a 20 composite oxide catalyst by investigating an iron-based oxide catalyst with complex 21 components. The dopant atoms with octahedral coordination located at substitution-sites in the 22
INTRODUCTION 31
Based on the different complexity levels, heterogeneous solid catalysts in multicomponent 32 systems can be divided into three typologies: i) single-site heterogeneous catalysts; ii) supported 33 3 sites," irrespective of the type of heterogeneous catalyst.
2 This finding initiated a worldwide 48 research surge to explore the nature of these active sites. Progress however is often hampered by 49 the difficulty of identifying the active site within a complex matrix on a catalyst surface. [3] [4] [5] The 50 different types of heterogeneous catalysts commonly exhibit a variety of different surface sites 51 that are difficult to identify and quantify. The scenario is further complicated when multiple sites 52 work together in turning over a reaction. 3 In particular, for transition metal oxide catalysts, the 53 heteroatoms or ions are often intentionally incorporated into the host lattices to control and 54 manipulate their properties and morphology changes, ultimately in order to improve their 55 functional performance.
6-10 The substitution of dopant atoms in host oxides conventionally 56 results in the formation of composite oxides, containing multiple phases, solid solutions, or even 57 amorphous species.
11-13 Due to their complexity and indiscernible microstructures, the active 58 sites have not been clearly and systematically investigated, especially for poorly-crystallinity or 59 amorphous samples. Hence, it is difficult to pick out the catalytic active site from an assembly of 60 potential candidates in a composite oxide catalyst, and the detailed structure of active sites as 61 well as the functional mechanism still remains elusive, and requires further exploration. 14 
62
On the basis of the previous studies, the dopant in composite oxides are assumed to disrupt the 63 chemical bonding at the surface of the host oxide, and the active sites are ascribed to either the 64 oxygen anions near the dopant or the dopant itself. 8, [15] [16] [17] [18] Here, novel insight into the catalytic 65 active site of a composite oxide catalyst is presented using an iron-based oxide with complex 66 components as an example. The atomic-resolution and visualized characterization combined with 67 the computer simulations accurately identify the active sites in Fe2O3-based oxide catalyst, and 68 uncover the reason for the enhanced activity, as exemplified by the selective catalytic reduction 69 (SCR) of NOx. The dopant atoms with octahedral coordination located at substitution-sites of the 70 4 Fe2O3 lattice tune the electronic structure of surface Fe atoms, which then acts as the effective 81 active sites. This opens up a different perspective on active sites of composite oxide catalysts 82 from the emerging single-atom (ion) catalysis concept, in which the single atom or ion on the 83 support is the active site, and thus provides an alternative route to improving the activity of 84 heterogeneous catalysts which maximises heteroatom efficiency by atomic-scale doping. Figures S9b-d) has the same tendency with the normalized rate 263 expressed on the basis of the BET surface area (rBET) (Figure 1b) . 35 This provides convincing 264 evidence that the dopant Mo atoms with Oh coordination contribute to the promoting of activity. 265
To further clarify how the chemical properties of Mox-Fe2O3 were improved by the dopant Mo 266 atoms, the redox properties and acidity were assessed as these are believed to be crucial 267 characteristics associated with SCR.
26,36-38 Surprisingly, neither the redox properties (H2-TPR, 268
Figure S10a Lewis acidity of the surface Fe sites. Thus, it is the parent ion rather than the dopant ion that are 365 the catalytically active sites, which is distinct from the traditional perspective on the active site in 366 doped oxide catalysts. 8, 49 In addition, the high low-temperature activity originating from the 367 enhanced Lewis acidity is evidently different from the previous assumptions that Fe-based 368 oxides show high SCR activity due to the excellent redox property of Fe. 
